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INTRODUCTION
Defining typical trajectories for the maturation of brain's circuitry is a crucial step to contrast typical and abnormal development [1] , especially during childhood and adolescence, when many psychiatric disorders have their onset [2] . Since 1994 the tensor model has been used in diffusion imaging to infer structural connectivity [3] . During this period, several studies have investigated the exact correlation between microstructure and diffusion tensor imaging (DTI) parameters [4] . Diffusion imaging is designed to estimate effective scalar diffusivity of water molecules [5] . Mean diffusivity (MD) parameter is an almost invariant measure , and anisotropy indices, such as fractional anisotropy (FA), aim to characterize directionality according to the tensor model [6, 7] .
Despite many efforts in this direction, the relationship between DTI parameters and myelination remains unclear [8] since the relation between DTI parameters and white matter compartmental microstructure is still not well understood [4] .
Given the intrinsic limitations of MRI acquisition and tensor model interpretation, combining different MRI techniques may help to reveal the microstructure of the white matter tracts. One particularly attractive direction is to use magnetization transfer (MT). MT estimates the signal that comes specifically from macromolecules [9] . Given that T2 relaxation time of macromolecules is too short to be directly measured with MRI, MT contrast imaging may be used to indirectly detect the signal coming from bound water linked to these molecules. The application of an off-resonance radiofrequency pulse preferentially saturates immobile or restricted water protons associated with macromolecules, such as myelin or the axonal membrane [9, 10] which then transfer energy to surrounding protons in free water. The ratio of this energetic transference can then be quantified. The more macromolecules (including myelin) content is present in the voxel, the lesser is the signal after MT [9, 11] , which configures the magnetization transfer ratio (MTR). Brain MT measurements in the literature have been acquired in a variety of ways.
Therefore, absolute MTR values vary considerably from study to study [12] . Even so, it is a very useful and reliable technique in studies of healthy human brain [13, 14] showing consistency with myelin content [15, 16] and only secondary correlation with axonal count [16] .
A deeper investigation of how white matter changes across childhood and adolescence is also fundamental to the understanding of parallel maturation patterns in grey matter. Microstructural changes in white matter are associated with changes in cortical grey matter regions [17, 18] , but cannot be fully explained by white matter maturation in the underlying regions as measured by volumetric analyses or DTI [19] . Cortical thinning is seen as a maturational marker, especially in adolescence. Multiple hypotheses have been elaborated in order to explain this thinning: pruning of synapses, axons, and dendrites [1] , a consequence of partial volume effects [20] such as myelination [1, 20] or enlargement of axonal caliber [8, 21] . Moreover, doubts remain about the possibility of inferring myelination from DTI, but it is still one of the most used MRI techniques in the literature to study white matter and it is frequently assumed to correlate with myelination. Conversely, anisotropy measured by FA could be affected by axon diameter, packing density [8, 22] and intra-voxel coherence [23] .
As there still remains a gap in the literature, this study firstly aims to understand correlations among DTI measures and also between them and the MTR measure. This approach could help disentangling possible sources of confusion in both techniques regarding the myelin content of a voxel. Using information derived from ROIs restricted to the center of the tracts, we propose a new methodological approach for MTR extraction, since looking at the center of the largest tracts can be a reliable approach [24] . Therefore, using the same approach for both MRI techniques allows us to reach a better comparison between measures. As a second aim, we examine age-effects on white matter through DTI and MTR measures.
METHODS
Participants
This sample was obtained from a large school-based community study investigating psychiatric and neurocognitive aspects, through genetics and neuroimaging [25] . From a total of 249 children without DSM-IV mental disorders, confirmed using the Diagnostic and Well-Being Assessment (DAWBA) [26] , 176 were selected for which the images obtained were free of artifacts (i.e., motion, spikes) in both modalities (DTI and MTR 1 ). Their age ranged from 7 to 14 (88 males/88 females). The estimated IQ was obtained using the Wechsler Intelligence Scale for Children, 3rd edition (WISC-III) [27] , and
Brazilian norms [28] were adopted. Children were partitioned into two groups according to the site of MRI scanning acquisition (Sao Paulo and Porto Alegre).
The demographics of groups are displayed in Table 1 .
The ethics committee of the University of Sao Paulo approved the procedures of this study. All parents provided written consent and all children provided verbal (or when possible, written) assent.
The socioeconomic classification (Brazilian rating scale -ABIPEME) [29] of the whole group was distributed as 4.4% very low (E and D classes), 65.9% medium (C and B classes) and 29.5% high (A class). 1 including simultaneously high quality image MTon and MToff
MRI acquisition
MRI scanning was performed at two centers both using GE Signa 
Magnetization transfer image processing
We developed a processing pipeline for MTR data using FSL 4. we chose a non-linear normalization, the FSL FNIRT.
Diffusion tensor imaging post-processing
FA maps were generated according to the steps of the FSL platform software version 4.1.9 [24] . After that, the registration was made using TractBased Spatial Statistics (TBSS) with inter subject alignment (-n flag) in order to identify the most representative FA map of the sample. This representative reference image was then used as a target to non-linearly register every subject's FA image. Subsequently, the whole aligned dataset was normalized using an affine transformation into a MNI152 standard space (1 mm 3 ). The average of the aligned FA images was merged into a single 4D mean FA image. A mean FA skeleton was then derived from all aligned FA images, generating a single 4D mean FA skeleton image (a group FA skeleton), and the most relevant tracts from the spatially normalized FA map of each subject were projected onto this skeleton using a threshold of 0.2 [24] . Nonlinear warps and skeleton projection were also applied to mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD).
Specific matrices of contrast were created using the FSL FEAT tool in order to conduct statistical analysis using the general linear model (GLM); age, acquisition site and gender were entered as covariates. Voxelwise statistical analyses were performed using the FSL Randomise tool; Monte Carlo permutation-based inferences were made on unsmoothed statistical maps applying 10000 permutations, family-wise error (FWE) corrected Threshold-Free
Cluster Enhancement (TFCE) [30] was obtained at P < 0.01.
Regions of Interest (ROIs)
Using the statistical software 'R' we extracted mean FA values from the 4D skeleton for each subject. Twenty tracts were identified using the JHU (John Hopkins University) atlas of white matter tractography [31, 32] . In order to extract the mean values of MTR data, we used a 4D MTR file (as a result of MTR processing described in 2.3). 
Statistical analyses
Correlations between measures
RESULTS
Demographics
TABLE 1
Correlations between measures
Considering the mean value for each measure (FA, MD, axial, radial diffusivity and MTR) of each tract, the correlation analyses between: FA/MD showed a negative significant correlation at P level < 10 -5 , except for forceps minor (FMn) p = 0.001 and superior longitudinal fasciculus temporal part left (SLFtemp L) that showed no significant correlation; FA/axial diffusivity showed both, positive and negative correlations, most of them were not significant at P level < 0.05, except for the positive correlation related to SLFtemp right at P level <10 -5
; FA/radial diffusivity showed negative significant correlations at P level < 10 -5 , an exception for the forceps minor that showed no significant correlation. Values are available in the Table 2 .
TABLE 2
No significant correlations were founded between DTI means (FA, MD, axial and radial diffusivity) and MTR means (followed by Bonferroni post hoc correction), values are available in the table S2 (supplementary material).
Age-effects (i) Whole-brain TFCE analysis using TBSS:
Whole-brain TFCE analysis using TBSS (P < 0.01, FWE correction): as expected, FA showed a widespread (involving multiple tracts) positive correlation with age, meanwhile MD and radial diffusivity showed a similar opposite pattern with age ( Figure 1) . Although, axial diffusivity also displays a negative correlation with age, findings were restricted to small clusters which were more significant in the left hemisphere. Association with site of acquisition was found for Sao Paulo and Porto Alegre.
FIGURE 1 (ii)
ROIs mean values analyses:
Evaluating age-affect in the three age groups (7 -8; 9-11; 12-14 years of age), followed by Bonferroni post hoc correction (Table 3) , we found that: FA showed significant differences regarding all the tracts, except for forceps minor (FMn); mean and radial diffusivity showed differences considering most of the tracts; axial diffusivity only showed significant differences regarding cingulum right (CGL), superior longitudinal fasciculus right and left (SLF); MTR showed no significant difference between age groups.
TABLE 3 4. DISCUSSION
In agreement with previous studies, FA showed positive correlation with age, while mean, axial and radial diffusivities showed negative correlations with age [33] [34] [35] . When analyzing the DTI means extracted from ROIs of each tract, there were significant differences among the three age groups. Differences regarding FA, MD and radial diffusivity involved most of the tracts but only three of them were involved when considering the axial diffusivity. On the contrary, no significant differences were identified between groups when using MTR measures. With respect to correlations within measures, FA was significantly correlated to mean and radial diffusivity but not to axial diffusivity.
In turn, MTR did not correlate with any of the DTI measures. These findings point to a possible dissociation between DTI measures and MTR at this age.
Thereby, changes in white matter could be more closely correlated to microstructural changes and only secondary to myelination.
Although MTR has been considered a more useful measure to track early white matter developmental changes [36] , our results support a lack of ageeffect on MTR which is consistent with an earlier stabilization of myelin content [37] . Despite this lack of correlation between MTR values and age, previous literature indicates that white matter volume continues growing through adolescence until adulthood [2] [34, 38] as well as FA [33, 34, 39] .
Therefore the correlation between increase in volume, myelination process and microstructural changes in white matter [2] remains unclear.
The increase in FA that is age-related seems to be mainly driven by a decrease in mean and radial diffusivity, as a decrease in axial diffusivity is more restricted to few tracts. Therefore the directionality of the fibers seems to be already established at this age. Then, decreased radial diffusivity (which depicts decreased diffusion in the perpendicular axis) could points to changes in the surrounding environment of the fiber primarily affected by factors such as:
increased spatial coherence [4, 40] ; membranes themselves [4] ; increase in packing density that is compatible with the negative age-effect on MD, allowing to infer that the amount of hindered diffusivity decreases [41] . In turn, myelination could play a secondary role. When looking to the correlations between measures, we have found significant correlations within the diffusion parameters but they do not correlate with MTR. This finding is in line with the lack of correlations between DTI parameters and another MT measure, the cross-relaxation [42] .
The main limitations of our study are related to the intrinsic problem of comparing MTR studies. It is difficult to ensure the reproducibility of findings,
given the wide range of acquisition parameters and protocols that have been used in literature and the different methodologies of registration and extraction in the post processing analysis (i.e. by brain region). Despite the lack of gold standard to study non-invasively myelination, MTR has been considered as a reliable index of myelination across studies. We also used a DTI acquisition with 15 directions that would only allow tractography of the major white matter tracts. The use of protocols with higher b values could be interesting to better understand issues related to the restrict diffusion environment. In addition, it is worth considering that due to the sample size, we might not have a sufficient power to detect small variations.
Our findings support the need of multimodal analysis for the best characterization of structural changes in the typical development of the white matter. Although parameters of diffusion are subjected to the interference of myelin content, which provides a restrictive barrier that hinders diffusion in the bundle, these findings suggest that myelination has already stabilized at this age. How white matter structurally changes across development is a fundamental issue in the understanding of structural brain connectivity, and therefore the study of these changes contributes to the comprehension of the underlying structural mechanisms of cortical changes. (iii) FA/radial diffusivity all measures were significantly correlated at P level < 10 -5 , except for forceps minor that showed no significant correlation; (iv) no significant correlation was found between FA and MTR. 
